Adrenocorticotropic hormone (ACTH) 160-180 g) were anesthetized with Nembutal, and the adrenal glands were aseptically removed from surrounding fat, trimmed, bisected, and decapsulated. The tissue was then minced and collected in a sterile 50-ml capped conical polypropylene tube containing 15 ml of phosphate-buffered saline at room temperature. The phosphate-buffered saline solution was removed and replaced with 15 ml of a sterile solution of medium 199 with Earle's salts containing collagenase (4 mg/ml) and DNase (0.1 mg/ml). The tube was gassed with 95% 02-5%CO2, capped, and placed in a gyratory water bath at 370 for 1 hr. The tissue fragments were allowed to settle after this incubation. The medium was removed and replaced with 5 ml of a sterile solution of medium 199 containing no enzymes, and the tissue was dispersed mechanically by drawing it through a sterile siliconized pasteur pipet with a flamepolished tip. The fragments were allowed to settle, and the supernatant was removed and filtered through two layers of cheese cloth. Five milliliters of medium 199 were again added to the tissue fragments, and the procedure was repeated until the tissue was completely dissociated. The cells were then collected by centrifugation, and the pellet was washed twice with medium. Finally, the cells were suspended in medium 199 with 10% fetal calf serum, 100 IU/ml of penicillin, and 100 ug/ml of streptomycin.
The acute regulation of steroidogenesis in the adrenal cortex by the pituitary hormone adrenocorticotropin (ACTH) is well known. In addition, ACTH is generally considered to stimulate the growth of the gland (1) . The involution of the adrenal cortex after hypophysectomy and the maintenance of the adrenal gland by the administration of exogenous ACTH to hypophysectomized animals have been construed as evidence of a trophic role for the hormone. Farese and Reddy (2) found an increase in the DNA content of rat adrenals after seven days of ACTH administration. Masui and Garren (3) found an increase in guinea pig adrenal DNA after 48 hr of ACTH treatment. Imrie et al. (4) also observed that rat adrenal DNA content increased after prolonged treatment with ACTH. Thus, the limited evidence suggesting that ACTH may stimulate replication of adrenocortical cells comes exclusively from studies in vivo. On the other hand, Masui and Garren (5) reported that ACTH inhibited DNA synthesis and replication in a functional adrenal tumor cell line. Subsequently, Masui and La Porte (6) showed that administration of ACTH inhibited the growth of these functional adrenal tumors in vivo when transplanted into isogenic mice.
In view of the apparently contradictory effects of ACTH on the growth of adrenal tumor cells compared to that of the normal adrenal cortex, we have investigated the role of ACTH on normal rat adrenocortical cells in primary culture in terms of function, morphology, and growth. The present studies show that ACTH inhibits DNA synthesis in normal adrenocortical cells with a concomitant stimulation of steroidogenesis and characteristic change in morphology.
MATERIALS AND METHODS
Highly purified ovine ACTH (7) and the o-nitrophenyl sulfenyl derivative of ACTH (NPS-ACTH) (8) 160-180 g) were anesthetized with Nembutal, and the adrenal glands were aseptically removed from surrounding fat, trimmed, bisected, and decapsulated. The tissue was then minced and collected in a sterile 50-ml capped conical polypropylene tube containing 15 ml of phosphate-buffered saline at room temperature. The phosphate-buffered saline solution was removed and replaced with 15 ml of a sterile solution of medium 199 with Earle's salts containing collagenase (4 mg/ml) and DNase (0.1 mg/ml). The tube was gassed with 95% 02-5%CO2, capped, and placed in a gyratory water bath at 370 for 1 hr. The tissue fragments were allowed to settle after this incubation. The medium was removed and replaced with 5 ml of a sterile solution of medium 199 containing no enzymes, and the tissue was dispersed mechanically by drawing it through a sterile siliconized pasteur pipet with a flamepolished tip. The fragments were allowed to settle, and the supernatant was removed and filtered through two layers of cheese cloth. Five milliliters of medium 199 were again added to the tissue fragments, and the procedure was repeated until the tissue was completely dissociated. The cells were then collected by centrifugation, and the pellet was washed twice with medium. Finally, the cells were suspended in medium 199 with 10% fetal calf serum, 100 IU/ml of penicillin, and 100 ug/ml of streptomycin.
The cells were plated at a density of about 2.5 to 3.0 X 105 cells per cm2 on 10-cm2 plastic petri dishes. Staining with trypan blue showed that 80-90% of the cells were viable. The medium was removed and replaced with fresh medium after 48 hr of culture. At this time, about 30-50% of the cells had firmly attached and, thereafter, the medium was replaced every 2 days. These cultures were maintained for periods of up to 1 month.
Adrenocortical cells from 17-to 20-day-old male SpragueDawley rats were also prepared in a similar manner. In addition, the capsular tissue of the adult rats (160-180 g) was also digested with collagenase and cells were prepared for culture. Guillemin (9) . Medium (0.5 ml) was placed in a 12-ml glass-stoppered centrifuge tube and diluted to 2 ml with distilled water. Four milliliters of isooctane were added to the solution, which was mixed for 15 sec on a Vortex mixer. The tubes were centrifuged at low speed for 3-4 min, and the isooctane layer was removed. Two ml of distilled water were then added, followed by 5 ml of chloroform. The contents were mixed for 60 sec, then centrifuged for 10 min. The aqueous layer was discarded and 0.5 ml of 0.1 M NaOH was added. The tubes were shaken gently for 15 sec. The tubes were frozen for several hours, allowed to thaw, and shaken again for 15 sec to break the emulsion that usually formed. The tubes were centrifuged for 3-4 min, and the aqueous layer was removed. Four milliliters of the chloroform extract were placed in a 19-ml glass test tube, and 2 ml of absolute ethanol-concentrated H2SO4 (75:175, v/v) were added. The tubes were mixed for 15 sec and allowed to stand for 1 hr. The fluorescence of the acid layer was measured on a Turner fluorometer (model 111).
[3H]Thymidine Incorporation. Unless specified, the cells were incubated with hormones for 96 hr. Twenty hours before termination of the experiment, 12.5 ,uCi of [methyl-3H]-thymidine (New England Nuclear Corp.) and 7.5 /ug of thymidine were added to the cultures. The medium was removed, and the cells were washed twice with phosphate-buffered saline to remove the unincorporated thymidine. The cells were collected by trypsinization with 2 ml 0.25% trypsin solution and the plate was washed with an equivalent volume of phosphate-buffered saline to remove the remaining cells.
The two volumes were pooled and DNA was precipitated by adding trichloroacetic acid to a final concentration of 10%.
The acid-insoluble precipitate was then collected on glass fiber filters (Whatman GF/A), washed with 10% trichloroacetic acid and then with absolute ethanol, and dried at 100°. The filters were then placed in a toluene scintillant containing 2,5-diphenyloxazole (PPO) and 1,4-bis[2-(4-methyl-5-phenyloxazolyl) ]-benzene (POPOP) and counted in a Packard Tricarb 3320 scintillation counter. RESULTS Morphology of the Cells. Adrenocortical cells from the adult rats formed a confluent monolayer 5-7 days after plating. In addition to epithelial cells with rounded nuclei and abundant lipid, a small fraction (<5%) of fibroblast-like cells with elongated nuclei and multiple nucleoli were present. Fig. 1A is an example of a typical monolayer found in these cultures. Additions of ACTH to the culture medium resulted in a characteristic morphological response similar to that reported by O'Hare and Neville (10) . There was a marked retraction of the epithelial cells of the culture, leaving intercellular spaces on the surface of the petri dish. A monolayer stimulated with ACTH for 96 hr is shown in Fig. 1B . The retraction phenomenon can be observed within 24 hr after the addition of ACTH, but is more pronounced after 96 hr. The gross morphology of these cells was unaffected by insulin at a concentration of 10 jug/ml. When both ACTH (1 Mug/ml) and insulin (10 Mg/ml) were added to the cultures, the result was the same as when ACTH alone was present. The analog NPS-ACTH also caused a retraction of the cells similar to that produced by ACTH. Attachment and flattening of the adrenal cells from 17 in the cultures of the adrenal cells from adult rats. Also, ACTH produced a marked retraction Qf the cells, whereas insulin was without effect.
The cultures of cells derived from the capsular tissue of the adult adrenal gland contained a high proportion of fibroblastlike cells in addition to epithelial cells.
Steroidogenesis and Thymidine Incorporation. The effects of ACTH and insulin on corticosterone production and DNA synthesis in the adult adrenocortical cells is shown in Table 1. ACTH stimulated corticosterone production and inhibited DNA synthesis. Insulin had no effect on steroidogenesis, but stimulated thymidine incorporation. ACTH inhibited DNA synthesis even in the presence of insulin. The inverse relationship between stimulation of steroidogenesis and inhibition of DNA synthesis is shown more explicitly in Fig. 2 . Over a period of 4 days after the addition of ACTH, steroidogenesis increased while thymidine incorporation decreased.
In an attempt to elucidate the nature of the mediator of the inhibitory action of ACTH on adrenocortical cells, we investigated the effects of dibutyryl cyclic AMP, corticosterone, and NPS-ACTH on these cultures. It is well known that ACTH stimulates the production of cyclic AMP in adrenocortical cells (11) . Cyclic AMP has been shown to inhibit the growth of several cultured tumor cell lines, including the functional mouse adrenal tumor line studied by Masui and Garren (5) . We have previously shown that the analog NPS-ACTH (in which the single tryptophan residue of the hormone has been modified by reaction with o-nitrophenylsulfenyl chloride) is capable of eliciting the same maximal rate of steroidogenesis as ACTH, but produces only a small fraction of the cyclic AMP (about 1%) generated by ACTH (12) . It was expected that this analog would be of help in elucidating the role of cyclic AMP and corticosterone in the regulation of the growth of adrenocortical cells in culture. It is evident from the results shown in Table 2 that both NPS-ACTH and dibutyryl cyclic AMP stimulated steroidogenesis and inhibited DNA synthesis in these cultures to the same extent as ACTH. Corticosterone, at a concentration equivalent to that produced by ACTH stimulation, inhibited DNA synthesis to a much smaller degree.
The effects of ACTH and insulin on the growth and function of adrenocortical cells obtained from suckling rats were then studied. Even though these cells were usually plated at lower initial densities than the cells from the adult rats, they formed a confluent monolayer 4 days after plating. The results in Cells prepared from the capsules of adult rat adrenal glands were plated at a density of 7.5 X 104 cells per cm2. Hormones were added on the eighth day. Steroid and DNA synthesis were measured as described in the text. Values are the means of analyses of duplicate cultures.
shown in Exp. II of Table 3 . Treatment with insulin for 24 hr significantly stimulated DNA synthesis without affecting steroid production. ACTH treatment for 24 hr produced a slight inhibition of [3Hlthymidine incorporation, both in the presence and absence of insulin. Steroid production was increased to a much smaller extent than is usually observed after treatment with ACTH for 4 days.
Finally, the actions of ACTH and insulin on cells obtained from the capsules of the adrenal glands of adult rats were investigated. ACTH produced a significant inhibition of DNA synthesis and stimulation of steroid production in cultures of the capsular cells (Table 4) . Insulin had a stimulatory effect on DNA synthesis, which was abolished by ACTH.
DISCUSSION
These studies demonstrate that ACTH inhibits DNA synthesis in normal rat adrenocortical cells in culture, just as it did in the mouse adrenal tumor cell line (5) . The results obtained with the normal cells are very similar to those reported by Masui and Garren for the tumor adrenal cells. Thus, both ACTH and dibutyryl cyclic AMP caused an inhibition of replication with a concomitant increase in corticosterone synthesis and change in morphology. Adding corticosterone to the cultures for 96 hr produced a much smaller inhibition of DNA synthesis than ACTH. It is unlikely that the effect of ACTH on DNA synthesis in these cells is due to the accumulation of corticosteroids produced by the cells.
Masui and Garren (5) (14, 15) . According to this theory, the cells of the outer zones of the cortex represent undifferentiated cells that undergo progressive differentiation, moving gradually through the zona glomerulosa to the zona reticularis. Recent attempts to measure cell cycle parameters at various depths of the cortex (16) and the demonstration of cell necrosis in deeper positions of the adrenal cortex (17) tend to favor this hypothesis. Wright et al. (18) measured the rate of cell loss from the zona glomerulosa in prepubertal rats. They did not find any necrosis in the zona glomerulosa and concluded that the observed cell loss represented cell migration from the zona glomerulosa.
The capsular tissue is known to contain the zona glomerulosa layer of the adrenal cortex (19) . The cells isolated from the adult capsules were more like the cells of the adrenal cortex of suckling rat than the cells of the adult adrenal cortex. They proliferated rapidly, reaching confluence 96 hr after plating, and secreted negligible amounts of steroids. ACTH produced a very significant inhibition of the growth of these capsular cells and stimulated the secretion of corticosterone. These results are compatible with the hypothesis that a major function of ACTH is to induce the transformation of the undifferentiated cells of the outer zones of the adernal cortex into functional fasciculata cells. Kahri (20) found that in the absence of ACTH the cells of fetal rat adrenal explants appeared like glomerulosa cells that were transformed into cells of the zona fasciculata type with characteristic mitochondrial morphology when treated with ACTH.
The stimulation of adrenal growth observed in vivo (1-4) may be due to factors other than ACTH. In the present study, insulin was found to stimulate DNA synthesis in adrenal cell cultures. Insulin is known to stimulate DNA synthesis in mouse mammary gland explants (21, 22) as well as in BHK 21/13 fibroblasts in culture (23) . It is becoming increasingly evident that the stimulation of cell proliferation may be under the control of factors different from those inducing the expression of differentiated function. Gospodarowicz et al. (24) reported the isolation of an ovarian growth factor distinct from pituitary luteinizing hormone and follicle-stimulating hormone. This mitogenic factor stimulated the growth of an ovarian cell line, whereas purified luteinizing and folliclestimulating hormones did not. Furthermore, Gospodarowicz found that luteinizing hormone or high concentrations of cyclic AMP caused a decrease in the rate of cell division in bovine luteal cells maintained in tissue culture (25) .
Thus, the replication of adrenocortical cells may be stimulated by insulin and/or other factors. The adrenal mitogenic factor(s) may stimulate the proliferation of adrenocortical cells in the fetal and neonatal adrenal, as well as in the capsular zone of the adult organ. The major function of ACTH cyclic AMP is able to mimic the effects of ACTH on the appears to be the induction of transformation of these cells into functional fasciculata cells and the stimulation of steroidogenesis.
